The primary objectives of the current research is to develop on-line sensors for characterizing molten glass in high-level and low-activity waste glass melters using millimeter-wave (MMW) technology and to use this technology to do novel research of melt dynamics. Existing and planned waste glass melters lack sophisticated diagnostics due to the hot, corrosive, and radioactive melter environments. Without process control diagnostics, the Defense Waste Processing Facility (DWPF) and the Waste Treatment Plant (WTP) under construction at Hanford operate by a feed forward process control scheme that relies on predictive models with large uncertainties. This scheme severely limits production throughput and waste loading. Also operations at DWPF have shown susceptibility to anomalies such as pouring, foaming, and combustion gas build up, which can seriously disrupt operations. Future waste chemistries will be even more challenging. The scientific goals of this project are to develop new reliable on-line monitoring capability for important glass process parameters such as temperature profiles, emissivity, density, viscosity, and other characteristics using the unique advantages of millimeterwave electromagnetic radiation that can be eventually implemented in the operating melters. Once successfully developed and implemented, significant cost savings would be realized in melter operations by increasing production through put, reduced storage volumes (through higher waste loading), and reduced risks (prevention or mitigation of anomalies).
Research Progress and Implications
For the past year, as of September 2006 research continued on the development and application of millimeter-wave thermal analysis technology for the advancement of nuclear waste vitrification science and to make possible improved vitrification plant operations. Extensive laboratory work has established the basic configuration of a millimeter-wave sensor for multiple parameter measurements of the molten glass pool in a melter. The basic building blocks are the millimeter-wave heterodyne receiver, a beamsplitter in the receiver field-of-view, a waveguide/optics transmission line to the melt pool, a window to seal the waveguide, and a thermal return reflection (TRR) [1] mirror aligned with the split signal from the beamsplitter. Millimeter-wave signals are both received from, and transmitted to the molten glass. With this configuration, and slight modifications, it is possible to monitor all the melt pool parameters listed in Table 1 using only a single access point into the melter.
The resulting instrumentation was recognized this year with a R&D 100 Award as one of the most significant technological developments in 2006. The dual receiver thermal analysis instrumentation is shown in Figure 1 . This instrumentation captures millimeter waves emitted from the surface of the materials inside a furnace/melter or processing reactor through a "waveguide," a hollow ceramic tube with no moving parts that can withstand the hot, corrosive, and rugged industrial [2] Emissivity/turbulence environment. One end of the waveguide faces the material surface that is under the processing conditions or that is going through a chemical or physical change. The waveguide guides millimeter-wave thermal emission from the viewed surface, and also guides redirected thermal emission and a coherent millimeter-wave probe signal to the surface for reflection back to the receiver electronics located outside the melter. Two dedicated receivers are used to simultaneously determine temperature and emissivity (a measure of how well a viewed surface emits energy). One receiver measures the passive thermal emission from the material surface for temperature, while the other receiver redirects a portion of the emission signal back at the material surface to monitor an enhanced thermal signal. The ratio of these two signals gives an instantaneous measure of emissivity. Sensitive precision to thermal change is maintained by making the measurements relative to room temperature, and thermal accuracy is achieved by referencing to the known boiling point of liquid nitrogen (hot or cold response of the analyzer relative to room temperature is the same). The physical change or movement of the surface is determined by the coherent probe interference with its reflection, leading to fringes and a fringe pattern shift (similar to the behavior of light waves in a Michelson interferometer).
Data obtained with the MMW dual receiver of the melt dynamics of glass containing salt, is shown in Figure 2 . In this data set a sodium ferroaluminosilicate glass (sample ID S22-18) containing about 2% by weight of sodium sulfate (NaSO 4 ) was processed through four heating cycles as shown by the insert temperature plots. Note the difference between the temperature and emissivity behavior that is uniquely observable with the MMW thermal analyzer. The temperature gives a measure of the energy/entropy content, and the emissivity provides an indication of the chemistry/phase state of the glass. In the first heat cycle the initial large drop in the emissivity is due to the first softening of the glass and establishment of a glassy surface. This initial large drop in emissivity is also observed to occur in glass samples without salt. Salt coming out of solution is indicated later in the heating cycle by the high frequency noise structure in the MMW signal and the drop in emissivity below the initial low value. In the subsequent heating cycles, two through four, the high frequency oscillations have mostly disappeared, indicating that the salt has been mostly evaporated away in the first heating. 
Implications
This technology represents a significant advance in thermal characterization and measurement in the field of thermal analysis. Most current thermal measurement technologies rely on thermocouples, sensitive mechanical movement of a microbalance, and near equilibrium conditions. Consequently, the applicability of past thermal analysis and measurement technologies has been limited to the laboratory. Industrial processes, which are often non-equilibrium processes with transients and fluctuations, have been inaccessible. With the availability of the millimeter wave thermal analyzer real processing environments are now accessible. This can lead to important advances in processing efficiencies, quality, and new product development in many industries.
The millimeter wave thermal analyzer instrumentation is a fundamentally new approach to thermal measurement combining electromagnetic waveguide technology with a dualreceiver thermal return reflection (TRR) technology. The TRR was proposed, developed, and demonstrated by this project in the laboratory as well as on a pilot-scale melter. There are no fragile moving parts and the waveguide can be fabricated from robust ceramic materials, which do not need to make contact with the monitored materials. This makes possible, for the first time, on-line thermal analysis, which can be used for monitoring of surfaces, materials, and fluids (e.g., glass and salt melts) in hightemperature and chemically corrosive environments. This novel technology leads to a new paradigm -"take the thermal analysis to the sample, instead of the other way around." If implemetend at nuclear waste vitrification facilities it would help to reduce virification costs through improved melter operational efficiency and reliablity. This would also contribute to the nuclear energy renaissance by helping to solve the nuclear waste problem.
Planned Activities
Funding for this work is being terminated before the originally planned completion date. Testing and analysis of acquired data will continue until the support runs out. This work will include analysis of measurements already obtained, but not yet reduced, to extract as much information as possible from the investment already made. Experiments to tie up loose ends will be carried out as needed. Among the areas where more research development is required are emissivity measurements, density determinations, improved viscosity modeling, and surface curvature and fluctuation effects. New diagnostic capabilities are also needed for liquidus, redox, and plenum gas temperature. Applicability of this unique new technology to other fields will also be pursued.
